We critically examine nuclear matter and neutron matter equation of state (EoS) parameters by using best available terrestrial experimental results. The nuclear incompression modulus K ∞ is re-examined in comparisons with RPA results of modern relativistic and non-relativistic EDF and up-to-date experimental data of isoscalar giant monopole resonance energy of 208 Pb. The symmetry energy expansion coefficients J, L and K sym are examined by recent FRDM mass model and the neutron skin of 48 Ca extracted from (p, p ) experiments.
predicted to be strong sources of gravitational waves. On 17 August 2017, the LIGO and Virgo detectors observed a gravitational wave which was produced by the last minutes of two neutron stars spiraling closer to each other and finally merging. This gravitational wave is named GW170817.
Although the size difference between the nucleus and the neutron star is almost 10 20 times, there are deep and intimate relations between the two objects through nuclear matter and neutron matter EoS. The EoS of symmetric nuclear matter consisting of equal amount of neutrons and protons has been determined over a wide range of densities by terrestrial experiments. As we can seen in Fig. 1 , the neutron matter EoS depends entirely the symmetry energy S(ρ) on top of the symmetric nuclear matter. The nuclear symmetry energy characterizes the variation of the binding energy as the neutron to proton ratio of a nuclear system is varied. In other words, the symmetry energy constrains the force which determines the asymmetry between proton and neutron numbers in a nuclear system. It reduces the nuclear binding energy in nuclei and is critical for understanding properties of nuclei including the existence of rare isotopes with extreme proton to neutron ratios.
More precisely, its slope at saturation density shows a strong correlation with the neutron skin size of nuclei, and also gives the dominant baryonic contribution to the pressure in neutron stars.
Let us study hereafter the EoS more quantitatively. The energy density of asymmetric nuclear matter can be expanded as
where δ = (ρ n − ρ p )/ρ is the asymmetric coefficient and ρ n , ρ p and ρ = ρ n + ρ p are neutron, proton and total densities, respectively. The symmetry energy is density by,
is the symmetry energy. The pressure of nuclear matter at zero temperature is defined by
At the saturation point, P (ρ 0 )=0, the EoS around the nuclear saturation density is essentilly determined by the incompressibility and the symmetry energy. The energy density in symmetric matter is expressed by the Taylor expansion around the saturation density ρ 0 as
where K ∞ is the incompressibility of nuclear matter and Q is the skewness parameter. K ∞ is defined as the second derivative of the binding energy per particle with respect to the density at the saturation point
and Q is defined by
The symmetry energy E sym in Eq. (1) is further expanded around the saturation density ρ 0 as
where Since neutron star contains a low fraction of protons, the inner crust as well as global neutron star properties are sensitive to the symmetry energy parameters J and L. One can see easily the importance of the symmetry energy when one calculate the pressure of neutron matter at the saturation density,
II. GMR AND NUCLEAR INCOMPRESSIBILITY
We study the incompressibility in relation with terrestrial experiments. The incompressibility in finite nuclei has an analytic relation with the excitation energy of isoscalar giant monopole resonance (ISGMR) as
where m is a nucleon mass and < r > 2 is the mean square nuclear radius. Intuitively, this relation tells how the ISGMR, so called breathing mode, can be affected by the solidness of nucleus. If the ISGMR is a sharp single peak, Eq. (13) provides a precise empirical information of incompressibility in finite nuclei. For the study of celestial observables such as supernovae or neutron stars,
we need the information of nuclear matter incompressibility . The incompressibility K A in finite nuclei may have contributions from the surface, the symmetry energy, and the Coulomb energy on top of the nuclear matter incompressibility as an analogy of the mass formula. The relation can be written as 
where the l-th energy weighted sum rule value is defined by
The strength distribution of ISDGR have two peak structure in the region of 10<E x <30MeV. An additional peak is also seen below E x <10 MeV [4] .
There was an attempt to determine all the values of r.h.s of Eq. (14) from a set of ISGMR energies in several nuclei. However this attempt got no success since the existing data set was not accurate enough to pin down precisely each value in Eq. (14) . Another plausible approach to non-relativistic relativistic extract the value K ∞ from the experimental data is the framework of self-consistent Hartree-Fock (HF) or Hartree+ random phase approximation (RPA) model. In the self-consistent approach, a single Hamiltonian, which has good saturation properties, is adopted in all calculations of nuclear matter and finite nuclei so that one can see a direct correlation between the incompressibility in nuclear matter and the excitation energy of ISGMR through the adopted Hamiltonian. This approach was quite successful to determine the incompressibility within microscopic Skyrme, Gogny and relativistic mean field (RMF) models [1] [2] [3] . In ref. [2] , it was also pointed out that K ∞ might not be the best coefficient to fit the energy of ISGMR, but a similar parameter M c is In Fig. 2 , the experimental data of ISGMR is compared with the self-consistent HF+RPA calculations with three Skyrme interactions SkP, SLy5 and SkI3 which have the nuclear matter incompressibility K ∞ =201, 230 and 258MeV, respectively. The empirical strength distributions are better reproduced by SLy5 interaction than the other two interactions. A correlation between the calculated ISGMR energies of 208 Pb with various EDF, and the nuclear matter incompressibility K ∞ is shown in Fig. 3 . Both the excitation energy and K ∞ are calculated by using the same EDF. Experimental data are tabulated in Table 2 . We adopt the data of (d, d ) experiment E = 13.6 ± 0.1MeV from ref. [4] ,which is close to the extracted value from (α, α ) experiments in refs. [7, 8] . An empirical value of nuclear matter incompressibility is extracted to be K ∞ = 223.6 ± 3.8MeV from this figure. However, there are some uncertainty of this value of K ∞ which, to some extent, comes from the ambiguity of empirical determination of the ISGMR energy and also from the theoretical models involved in the microscopic calculations. Another uncertainty comes from that the mass number dependence of the excitation energies is not perfectly regular. Thus the proposed empirical incompressibility may depend on how to select the data set of excitation energies of ISGMR. Including the data of superfluid nuclei Sn-and Cd-isotopes, the current optimal value of nuclear incompressibility is
taking into account the statistical errors from the experiments and the systematic errors from the theoretical models.
III. SYMMETRY ENERGY AND TERRESTRIAL EXPERIMENTS
The symmetry energy plays a decisive role to determine the EoS of neutron matter on top of the EoS of symmetric nuclear matter as we can see in Fig. 1 . From 1990th, tremendous amount of experimental and theoretical efforts have been paid to explore the symmetry energy at various nuclear matter densities 0 < ρ/ρ 0 < 3. At lower density region, the isovector giant dipole resonances (GDR) give useful information to pin down the symmetry energy coefficients J and L, while the multi-fragmentation process of heavy ion collisions (HIC) provides the empirical information at higher density than the saturation density ρ 0 . It was pointed out recently that the mass formula may provide also a useful information on symmetry energy around the saturation density. We will study the mass formula constrains for the symmetry energy coefficients. The multi-fragmentation products of heavy ion collisions are also important to pin down the properties of EoS at higher density than the normal density. However it is still large uncertainty to extract reliable information of EoS from very complicated multi-fragmentation results by using transport models. Because of this reason, we do not discuss any details of the multi-fragmentation process of heavy ion reactions in this section.
One of the decisive ingredients of nuclear mass formula is the symmetry energy. You can see the explicit functional form of mass formula in ref. [12, 13] . It is curious that how the predicting Tables (2016). power of mass formula is sensitive to the symmetry energy coefficients. A recent study of symmetry energy in the mass formula was done by using the finite-range droplet mass model (FRDM) [14] . The FRDM is one of the best mass formulas to predict not only masses of stable nuclei but also unstable nuclei. In the study, the mass parameters including the symmetry energy coefficients J and L are optimized by using all available experimental data of binding energies for several thousands nuclei. In Fig. 4 , the smallest mean square deviation σ was obtained by the optimization process at the values,
shown by a red dot with uncertainty bars in Fig. 4 . The values (18) It has been pointed out that the neutron skin give a useful information to elucidate symmetry energy properties and also neutron matter EoS. In previous studies, the doubly magic 208 Pb has been used as a benchmarking nucleus because the double magicity removes the effects which involves additional nuclear structure information such as superfluidity and deformation. Many experimental efforts have been devoted to determine the neutron skin ∆r np of 208 Pb by measuring proton elastic scattering [15, 16] , coherent pion-photoproduction [17] , antiprotonic atom X-ray [18] , and electric dipole polarizability [19] . Their results are in the range of 0.15-0.21 fm with the error of approximately 0.03 fm. The PREX experiment using parity violating electron scattering resulted in ∆r np = 0.33+0.16 -0.18fm [20] , which is consistent with other results within very large statistical error, which prevents precise determination of symmetry energy properties.
The accurate measurement of neutron skin of 48 Ca is performed recently by (p, p ) experiments [21] . The neutron skin size was determined to be ∆r np = 0.168 + 0.025 − 0.028 fm.
A correlation between the neutron skin ∆r np of 48 Ca and Symmetry energy constants L are plotted in We can see a clear correlations between ∆r np and L in Fig. 5 with slight model dependence of EDF. From Skyrme EDF, we can extract the slope parameter L as
which shows a good agreement with the value extracted from the mass formula FRDM in the previous section. The correlation between ∆r np and K sym is more model dependent of EDF.
Taking Skyrme EDF, we can extract K sym as
For RMF EDF case, it is difficult to extract the K sym value since there is no linear correlation between ∆r np and K sym . To determine K sym , the results of RMF calculations are excluded. These values are consistent with the results of metamodeling analysis of EoS with Skyrme EDF [22] . It should be mentioned that RMF and RHF seems to prefer slightly larger symmetry energy coefficients than the adopted ones in the present analysis.
